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Abstract: The goal of this study was to investigate oil droplet breakup in food emulsions during
atomization with pressure swirl (PS), internal mixing (IM), and external mixing (EM) twin-fluid
atomizers. By this, new knowledge is provided that facilitates the design of atomization processes,
taking into account atomization performance as well as product characteristics (oil droplet size).
Atomization experiments were performed in pilot plant scale at liquid volume flow rates of 21.8, 28.0,
and 33.3 L/h. Corresponding liquid pressures in the range of 50–200 bar and air-to-liquid ratios in
the range of 0.03–0.5 were applied. Two approaches were followed: oil droplet breakup was initially
compared for conditions by which the same spray droplet sizes were achieved at constant liquid
throughput. For all volume flow rates, the strongest oil droplet breakup was obtained with the PS
nozzle, followed by the IM and the EM twin-fluid atomizer. In a second approach, the concept of
energy density EV was used to characterize the sizes of resulting spray droplets and of the dispersed
oil droplets in the spray. For all nozzles, Sauter mean diameters of spray and oil droplets showed a
power-law dependency on EV. PS nozzles achieved the smallest spray droplet sizes and the strongest
oil droplet breakup for a constant EV. In twin-fluid atomizers, the nozzle type (IM or EM) has a
significant influence on the resulting oil droplet size, even when the resulting spray droplet size
is independent of this nozzle type. Overall, it was shown that the proposed concept of EV allows
formulating process functions that simplify the design of atomization processes regarding both spray
and oil droplet sizes.
Keywords: atomization; oil-in-water emulsion; oil droplet breakup; pressure swirl atomizer; twin-
fluid atomizer; energy density; process function
1. Introduction
The atomization of oil-in-water emulsions for spray drying is a common task in
food engineering for the production of, e.g., infant formula, coffee creamer and for the
encapsulation of lipid-soluble active ingredients, flavors, and colorants [1]. During the
atomization step of the spray drying process, an oil-in-water emulsion is dispersed into
fine spray droplets, which are then dried to powder by contact with a hot air stream [2].
After drying—i.e., evaporating of the water molecules from the continuous phase—the
oil droplets remain encapsulated in solid particle, formed by the matrix material, which
has been dissolved in the continuous phase prior to spray drying. In food applications,
matrix materials are usually carbohydrates such as maltodextrins, which are dissolved in
the water phase in the feed emulsion [3]. The spray droplet size distribution (SDSD) during
atomization defines the drying kinetics and has therefore to be controlled in the spray
drying process. The size of the encapsulated oil droplets in the powder after spray drying
is an important quality parameter as it determines the stability and functional properties
of the product [4,5]. In many applications, submicron oil droplets (<1 µm) are required.
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For example, submicron oil droplets have been shown to result in increased retention
of flavors [6] and in increased encapsulation efficiency of fish oil after spray drying [7].
However, some applications—e.g., milk substitutes for infants—aim for larger oil droplet
sizes (~4 µm) [8].
The desired oil droplet size distribution (ODSD) in the powder is usually adjusted
in a homogenization step prior to spray drying. However, in our previous study we
showed that oil droplets dispersed in the feed for spray-drying may breakup during
atomization with pressure swirl (PS) atomizers [9], which are used in the vast majority of
spray drying applications for foods [2,10]. Oil droplet breakup during atomization changes
the previously adjusted ODSD.
In general, for oil droplet breakup in emulsions to occur, the local deformation stresses
must exceed the droplet capillary pressure, and the deformation time must exceed a critical
value [11,12]. In atomization devices, the deformation stresses that may lead to oil droplet
breakup and the deformation time are directly related to the liquid flow conditions inside
the atomizer. In PS atomizers, the energy for atomization comes from the liquid itself as
the pressure drop is converted to kinetic energy [13]. The liquid flows under high pressure
tangentially into a swirl chamber, where an air core is formed due to the development of a
low pressure region at the center of the nozzle [14,15]. The liquid then flows into a small
discharge orifice, where due to the swirling motion a thin liquid film is formed that leaves
the atomizer as an annular sheet and disintegrates into spray droplets [15,16]. It is well
known that the spray characteristics are directly related to the thickness of the liquid film
at the atomizer orifice, as well as to the axial and swirl velocities in the film [15]. In general,
an increase in the atomization pressure leads to a decrease in film thickness, increased
velocities, and consequently to smaller spray droplet sizes [16]. A schematic view of the PS
nozzle is depicted in Figure 1a.
Figure 1. Schematic representation of nozzle types. (a) Pressure swirl atomizer; (b) External mixing
twin-fluid atomizer; (c) Internal mixing twin-fluid atomizer.
The high liquid pressures and the thin liquid film at the atomizer exit in PS nozzles
can lead to shear stresses in the order of ~106 s−1 [9,17]. These shear stresses may also
lead to breakup of the dispersed oil droplets in emulsions during atomization. In fact,
we reported a reduction of the Sauter mean diameter (SMD) in food emulsions from
>20 µm to submicron values at a typical operation pressure of 100 bar [9]. PS atomizers
appear therefore unsuitable for applications in which oil droplet breakup is undesired or
oil droplets in the resulting powder after spray drying >1 µm are required.
Alternative atomization devices include twin-fluid, rotary and ultrasonic atomizers.
This study concentrates on twin-fluid nozzles, which are described in detailed in the
following. In twin-fluid nozzles the energy for atomization is not provided by the liquid,
but by an external gas stream flowing at high velocities [16]. In this case, the kinetic
energy of the gas is transferred to the slowly moving liquid [13]. In twin fluid nozzles
the air-to-liquid mass flow ratio (ALR) is used to characterize the energy input [18,19]. In
contrast to PS nozzles, the process conditions of the atomization gas can be used to control
the resulting spray droplet size independently from the liquid throughput. Two principle
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variations of twin-fluid nozzles exist: external mixing (EM) and internal mixing (IM). In
EM configurations (Figure 1b), there is no internal interaction between gas and liquid in
the nozzle. The high-velocity gas impinges on the liquid at the discharge orifice, spreading
the liquid over a prefilming area into a lamella, which disintegrates into spray droplets [16].
Due to the relatively high gas consumption rates, EM nozzles are used mainly in lab and
pilot scale spray drying [20].
In the IM configuration, a high-velocity gas and the liquid are mixed inside the
nozzle before the discharge orifice [16,18]. In IM atomizers, energy is transferred from
the gas to the liquid in form of shear stresses, which induces instabilities in the liquid
stream leading to dispersion of the liquid [18,19,21]. An example of IM atomizer is the
air-core-liquid-ring (ACLR) nozzle [22], in which an air core is established, surrounded
by an annular liquid ring within the exit orifice of the nozzle (Figure 1c). Recent studies
have demonstrated that internal flow patterns and specifically the circumferential liquid
film thickness within the mixing chamber are determinant for the spray characteristics in
film-forming IM nozzles [18,23]. In contrast to the vast variety of internal mixing nozzles,
the ACLR nozzle allows controlling the liquid lamella thickness at the nozzle outlet [22,24].
Due to the much lower gas consumption, IM twin-fluid nozzles have a high potential for
use in industrial spray drying [22,25].
Oil droplet breakup during atomization of emulsions has been already reported for
different IM and EM twin-fluid nozzles [26–28]. Kleinhans et al. [26] showed that the oil
droplet size in emulsions during atomization decreased with increasing ALR for both IM
and EM twin-fluid atomizers. In their study, the size of oil droplets with initial SMD of
16 µm was reduced to 1.5 µm. In general, for the same ALR smaller oil droplets were
obtained with IM atomizers compared to EM atomizers. However, a direct comparison of
the results from different publications with PS nozzles is not possible due to very different
model emulsion systems and different process windows of atomization. No study has
been found in which oil droplet breakup by different atomization devices is investigated
when operating the nozzles at similar atomization results, i.e., achieving comparable spray
droplet sizes at constant liquid throughput. This knowledge would facilitate the selection of
the appropriate nozzle system taking into account both process aspects as well as product
quality characteristics. This topic is the subject of the current investigation. We hypothesize
that when achieving the same atomization results, lower stresses act on the dispersed oil
droplets in twin-fluid atomizers due to the relatively low liquid pressures and velocities.
This would lead to less oil droplet breakup in twin-fluid nozzles compared to PS nozzles.
In order to investigate the atomization performance of atomizers using different
energy sources Stähle et al. [21] used the concept of volume specific energy density EV. This
concept was originally developed in the emulsification literature to compare emulsification
results from different machines [11] and evaluates the energy needed to produce drops of
specific size in the emulsification process. The SMD of the disperse phase correlates with
the energy density according to Equation (1)
SMD = C·E−bV , (1)
in which C is a constant that depends on the dispersed phase viscosity and the exponent b
gives insights on the breakup mechanism.
According to [21], the energy density equals the liquid pressure pL (Equation (2)) in
the case of PS nozzles
EV = pL. (2)
The energy density in EM twin-fluid atomizers is calculated according to Equation (3),
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In Equations (3) and (4), R is the gas constant for air, T is the temperature, pG is the
gas pressure, and p0 is the ambient pressure. In IM atomizers pG is added up as it increases
the energy of atomization by means of a higher expansion potential [25]. In EM the gas
pressure per se can be neglected, as full expansion to atmospheric conditions occurs before
contact with the liquid stream.
In their work, Stähle et al. [21] compared the atomization performance of PS nozzles
and IM and EM twin-fluid atomizers. They showed that for the same EV, PS nozzles
produce smaller spray droplets than IM or EM twin-fluid atomizers. Considering spraying
nozzles as both atomization and emulsification devices, as a second hypothesis we postulate
that the concept of energy density can be used as process function to characterize atomizers
not only by means of their atomization performance, but also by the extent of oil droplet
breakup during atomization.
The general goal of this study is to investigate oil droplet breakup in emulsions during
atomization with different atomizers and to provide knowledge for the appropriate process
design of atomization in practical applications. For this task, a PS atomizer, an IM and
an EM twin-fluid atomizer were investigated. Two approaches were followed: first, to
validate the hypothesis that lower stresses act on the dispersed oil droplets in emulsions
in twin-fluid atomizers, oil droplet breakup was investigated for process conditions with
comparable atomization results at the same liquid throughput. Second, the suitability of the
concept of energy density as process function for spray and oil droplet size was assessed.
2. Materials and Methods
2.1. Model Emulsions
Model food oil-in-water emulsions were prepared for the investigations following
the procedure described in [9]. Medium chain triglycerides oil (MCT oil, WITARIX®
MCT 60/40, Hamburg, Germany) was used as model disperse phase. Whey protein
isolate (WPI, Lacprodan DI-9224, Arla Food Ingredients, Denmark) was used as emulsifier
and maltodextrin (Cargill C*DryTM MD 01910, Haubordin, France) was used as matrix
material. These components were chosen to resemble typical formulations in spray drying
applications. Briefly, a concentrated emulsion premix (50 wt % dispersed phase) consisting
of water, WPI and MCT oil was prepared and homogenized in a colloid mill to achieve an
SMD of 21.6 ± 1.7 µm. The premix was then diluted with the continuous phase, namely a
solution of maltodextrin in water, to obtain an emulsion with an oil concentration of 1 wt %.
This procedure was chosen to produce a large volume of emulsion with the exact same oil
droplet size and so to ensure constant starting conditions in all experiments. At a low oil
concentration of 1 wt %, coalescence of the oil droplets after breakup during atomization
can be neglected [11,29]. The concentration of WPI and maltodextrin after dilution were
0.1 wt % and 34.3 wt %, respectively. All reported mass fractions refer to the total emulsion.
2.2. Physical Properties
Viscosities µ were measured via rotational rheometry (Physica MCR 101, Anton Paar,
Austria) with a double gap geometry (DG26.7) at 20 ◦C. A shear rate-controlled ramp was
performed from 1–1000 s−1. At the studied range, the viscosity of the emulsions and of the
oil were independent of the shear rate. The viscosities were found to be 31.0 ± 3.1 mPa·s for
the emulsion and 28.8 ± 0.2 mPa·s for the oil. Densities ρ were measured with a tensiometer
(DCAT 21, DataPhysics Instruments GmbH, Filderstadt, Germany) to an average value of
1153.7 ± 1.7 kg/m3. All analytical measurements were performed in triplicate.
ODSD of emulsions before and after atomization were measured by laser diffraction
spectroscopy (HORIBA LA950, Retsch Technology GmbH, Haan, Germany). The Mie
theory was used to analyze the scattering data using a standard model for MCT oil in water.
Sauter mean diameter SMD values are chosen as characteristic values.
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2.3. Atomizers
2.3.1. Pressure Swirl Nozzle
Investigations were performed with a commercial PS nozzle of the type SKHN-MFP
SprayDry® (Spraying Systems Deutschland GmbH, Hamburg, Germany). In this nozzle,
the liquid enters axially through slots in the swirl chamber, where it is set into a vortex
motion. The nozzle consists of a slotted core (size no. 16) with two slots with a nominal
width of 0.41 mm, and an orifice insert with conical shape and orifice diameter of 0.34 mm.
This nozzle will be further referred to as PS-SK.
2.3.2. Internal Mixing Twin-Fluid Nozzle
An ACLR atomizer was used as IM nozzle. In this type of nozzle a compressed gas
stream is injected in the middle of the liquid stream through a capillary. By this, an annular
liquid flow pattern is generated at the outlet of the nozzle [22]. The ACLR nozzle used in
this study was a special in-house design and has the same geometry as the one used in
several former studies [21,26,30]. Briefly, the inner diameter of the capillary, as well as of
the exit orifice are 1.5 mm each. The air is injected to the liquid at 2.4 mm above the exit
orifice. This nozzle will be further referred to as IM-ACLR.
2.3.3. External Mixing Twin-Fluid Nozzle
A commercial EM nozzle of the type Schlick-Mod 0/2 (Düsen-Schlick GmbH, Unter-
siemau/Coburg, Germany) was used for the investigations. The exit orifice has a diameter
of 1.8 mm and the width of the prefilming area is 0.6 mm. The nozzle was operated at an
air gap width of 0.14 mm. This nozzle will be further referred to as EM-Schlick.
2.4. Atomization Rig
Atomization experiments were performed in a spray test rig, similarly to previous
studies [9,26]. The rig is equipped with a laser diffraction spectroscope (Spraytec, Malvern
Instruments GmbH, Herrenberg, Germany) which allows the inline measurement of the
SDSD during atomization. The laser was placed 25 cm underneath the nozzle exit, perpen-
dicular to the nozzle axis line. SDSD were measured for 30 s at each atomization condition,
and a time averaged mean value was calculated.
To study oil droplet breakup during atomization a sample of the spray was taken with
a beaker approximately 25 cm below the nozzle exit. The oil droplet size after atomization
was measured offline as described in Section 2.2. All atomization experiments were
performed in triplicate and mean values, as well as the corresponding standard deviations,
are reported in the diagrams.
2.5. Nozzle Operation
For the operation of the PS nozzle a high pressure three-piston pump (Rannie LAB
Typ 8.5, Charlotte, NC, USA) was used. The emulsions were supplied through the atomizer
at volume flow rates QL of 21.8, 28.0, and 33.3 L/h, corresponding to liquid pressures of 50,
100, and 200 bar. Liquid flow rates were measured with a flow meter (VSE0, 04/16, VSE
GmbH, Neuenrade, Germany) and a maximum relative uncertainty of 6.2% was obtained.
Liquid pressures were measured with an analog pressure gauge (Kobold Messring GmbH,
Hofheim am Taunus, Germany). A metal filter was installed before the atomizer entrance
to avoid blockage of the nozzle orifice. Preliminary studies showed that either the filter nor
the pump periphery changed the oil droplet size of the feed emulsion.
For the operation of the twin-fluid nozzles a low-pressure eccentric screw pump
(NM011BY, Eric Netzsch GmbH, Selb, Germany) was used. Liquid volume flow rates QL
were also adjusted to 21.8, 28.0, and 33.3 L/h. At each liquid flow rate, atomization gas
was supplied at pressures pG ranging from 2.0 to 6.0 bar with 1.0 bar increments. The gas
pressure was measured with a gauge shortly before the atomizer entry. Corresponding gas
volume flow rates QG were measured with a gas flow meter (ifm SD6000, ifm electronic
GmbH, Essen, Germany). In total, a range of 0.03 ≤ ALR ≤ 0.26 was covered with the
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IM-ACLR nozzle, and range of 0.13 ≤ ALR ≤ 0.50 was covered with the EM-Schlick nozzle.
The maximum relative uncertainty of ALR was 1.43%.
In order to ensure constant material properties, all atomization experiments were
performed at 20 ◦C. For this, emulsions were tempered in a double wall vessel during at-
omization.
2.6. Investigation of Oil Droplet Breakup with Different Atomizers
Two approaches were followed to investigate oil droplet breakup during atomization.
The extent of oil droplet breakup was first compared at constant atomization results—i.e.,
at process conditions at which, for a defined liquid volume flow rate, comparable SDSD
were obtained with the different atomizers. Due to the different atomization mechanisms,
it is virtually impossible to obtain exact SDSD with the three atomizers and in general
SDSD present different widths. Therefore, the spray SMD was used to characterize and
compare the distributions. The process conditions by which the closest spray SMD were
obtained with the three nozzles at every liquid flow rate were selected. The oil droplet
sizes after atomization were then compared at these process conditions.
In the second approach, the concept of the energy density was used as process function
to characterize atomization performance and oil droplet breakup effect during atomiza-
tion. For this, Equations (2)–(4) were used to calculate the energy density at all studied
process conditions.
3. Results and Discussion
3.1. Investigation of Oil Droplet Breakup under Same Atomization Results
The process conditions by which the closest spray SMD were obtained with the three
nozzles at every studied volume flow rate QL are summarized in Table 1, together with their
associated spray SMD. At every level of volume flow rate, it was possible to achieve very
similar spray droplet sizes with the three nozzles. This can also be observed in Figure 2a–c,
where the corresponding SDSD are depicted. The well-known trend of decreasing SMD
with increasing volume flow rate due to increased liquid pressure for PS nozzles is observed
in Table 1 [16]. As expected, for the twin-fluid nozzles a higher gas pressure and ALR was
required to achieve lower spray SMD at higher liquid volume flow rate [26,30]. Only for
the IM-ACLR nozzle and a liquid flow rate of 33.3 L/h it was not possible to find suitable
process conditions, as at the maximum gas pressure of the setup (6.0 bar) the achieved ALR
was not high enough to reduce the spray SMD to the values of the other nozzles. Therefore,
this parameter combination will not be further considered for analysis of oil droplet size.
Table 1. Process conditions for the different atomizers at which oil droplet breakup is compared and their associated





















21.8 50 35.2 ± 1.1 2.0 0.20 41.2 ± 1.4 3.0 0.11 35.4 ± 0.9
28.0 100 30.8 ± 1.5 3.0 0.21 32.8 ± 1.1 6.0 0.17 29.6 ± 0.7
33.3 200 23.1 ± 0.3 5.0 0.28 24.8 ± 1.6 6.0 0.12 33.5 ± 0.4
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Figure 2. Spray droplet size distribution and resulting oil droplet size distributions in emulsions after atomization with a
pressure swirl atomizer (PS-SK), an internal mixing (IM-ACLR) and an external mixing (EM-Schlick) twin-fluid atomizer for
a liquid volume flow rate of: (a) 21.8 L/h; (b) 28 L/h; (c) 33.3 L/h.
The resulting ODSD in emulsions after atomization are depicted in Figure 2a–c. In
spite of virtually the same SDSD, significant differences in the ODSD are observed. In
all cases, the smallest oil droplets result after atomization with the PS nozzle. With the
PS nozzle and at volume flow rates of 28.0 and 33.3 L/h, mostly submicron droplets
are obtained, as previously reported [9]. In contrast, much larger droplets are obtained
with both twin-fluid nozzles, and the resulting ODSD are mostly above 1 µm. This result
confirms the hypothesis that lower stresses act upon the oil droplets in emulsions in twin-
fluid atomizers compared to PS atomizers. When comparing the twin-fluid nozzles it is
evident that larger oil droplets are obtained with the EM-Schlick nozzle than with the
IM-ACLR. This result is consistent with the trends reported in the literature [26]. A possible
explanation for this effect might be the very short contact time of the liquid with the
high-energy gas in EM nozzles compared to IM nozzles. The residence time in the high
shear areas in EM nozzles is probably not high enough to achieve critical deformation of
the oil droplets [12]. To further clarify this aspect, a detailed deduction of the stress-time
profiles in the atomizers by means of CFD simulations, for example, is required.
The oil SMD for the emulsions after atomization as well as the spray SMD at the
studied volume flow rates are summarized in Figure 3. The same trends as in Figure 2 are
evident: the largest oil droplets are obtained for atomization with EM-Schlick, followed by
IM-ACLR and PS-SK. From Figure 3, it is also evident that the oil droplet size is reduced
to a larger extent with the PS-SK nozzle as with the twin-fluid atomizers with increasing
volume flow rate. This means that the relative difference in the oil SMD with PS and
twin-fluids atomizers is increasing with higher volume flow rates at constant spray droplet
size. The probable reason for this effect is the fact that in PS nozzles the liquid volume
flow rate and the energy input (pL) are coupled. An increase in the liquid volume flow
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rate is inevitably accompanied by an increase in the liquid pressure, a reduction of the film
thickness and higher liquid velocities [16]. In this case, higher stresses are expected in the
nozzle [9], leading to a stronger oil droplet breakup. On the contrary, in twin-fluid nozzles
an increase in volume flow rate by otherwise constant process conditions such as pG results
in a decrease of the energy input, as the ALR is decreased. This in general would result in
an increase of the spray droplet size and reduced oil droplet breakup [26]. However, in this
study the gas pressure was also increased when increasing the liquid flow rate in order
to achieve comparable spray droplets. Overall, the opposing effect of increasing liquid
volume flow rate and gas pressure on the ALR results in a relatively small increase in the
stresses leading to oil droplet breakup and therefore to a small reduction of the oil droplet
size, compared to the case of the PS nozzle.
Figure 3. Sauter mean diameter of spray droplets and oil droplets in emulsions after atomization at
different volume flow rates at the process conditions summarized in Table 1. PS-SK: Pressure swirl
nozzle; IM-ACLR: Internal mixing twin-fluid nozzle; EM-Schlick: External mixing twin-fluid nozzle.
3.2. Characterization of Spray and Oil Droplet Size by the Concept of Energy Density
In an effort to draw a more generalized statement that facilitates the selection of
the appropriate nozzle system in practical applications regarding nozzle atomization
performance and oil droplet breakup effect, the results are assessed by the concept of
energy density. Figure 4a shows the SMD of spray droplets versus the energy density EV
for all studied process conditions, as calculated with Equations (2)–(4). As expected, for
all nozzles an increase in EV is accompanied by a reduction of the spray SMD. The results
confirm that the nozzle PS-SK is more efficient for the atomization process [21], as for the
same EV smaller spray SMD are achieved compared to twin-fluid nozzles.
The results in Figure 4a were fitted to Equation (1). The corresponding coefficients of
determination R2 and the constant b and C are summarized in Table 2. The values of the
constant C agree very well with the values reported by [21] for fluids of similar viscosity.
The obtained values of constant b indicate that both surface tension and liquid viscosity are
determinant for droplet formation in turbulent flow [31,32], as is expected for atomization
processes [16]. It can also be seen in Figure 4a that the resulting spray SMD vs. EV with
the IM and EM nozzles are characterized with the same fit. This means that the mixing
location (EM or IM nozzle) does not play a major role for the resulting spray SMD. In their
study, Stähle et al. [21] came to the same conclusion by varying EV with the liquid volume
flow rate at constant gas pressure. The results in Figure 4a confirm that this conclusion
is also valid when varying EV with the process conditions of either the liquid or the gas
phase. All in all, it is confirmed that EV can be used to characterize and to compare the
efficiency of the atomization process of nozzles with different energy sources.
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Figure 4. Sauter mean diameter of (a) spray droplets and (b) oil droplets against energy density for the investigated nozzles
at different volume flow rates QL. PS-SK: Pressure swirl nozzle; IM-ACLR: Internal mixing twin-fluid nozzle; EM-Schlick:
External mixing twin-fluid nozzle. Data was fitted using Equation (1).
Table 2. Constants C and b as well as coefficients of determination for spray and oil droplets for the
fit from Equation (1). PS-SK: Pressure swirl nozzle; IM-ACLR: Internal mixing twin-fluid nozzle;
EM-Schlick: External mixing twin-fluid nozzle.
Nozzle Type
Spray Droplets Oil Droplets
C b R2 C b R2




IM-ACLR 4296.9 0.45 0.98
The resulting SMD of oil droplets in the emulsions after atomization in dependence of
the energy density EV are depicted in Figure 4b. A reduction in the oil SMD is observed
with increasing EV for all atomizers, analog to emulsification processes [11]. In twin-fluid
atomizers, this dependence of the SMD with EV is observed independently of the applied
liquid volume flow rate. Only for the nozzle EM-Schlick and a liquid flow rate of 21.8 L/h
outlier values of SMD with relatively large standard deviations were obtained. At these
conditions, the liquid flow rate was very low compared to the gas flow rate, leading to a
rather unstable atomization process. This is also evident in the relatively large standard
deviations for spray SMD shown in Figure 4a and was also reported in [26].
In the investigated process windows and for the same energy density, smaller oil
droplet sizes were obtained with the nozzle PS-SK, compared to both twin-fluid nozzles
(Figure 4b). These results further confirm the trends observed in Section 3.1. Furthermore,
in Figure 4b it is observed that for the same EV smaller oil droplets are obtained with the
IM-ACLR compared to the EM-Schlick nozzle, even when virtually same spray SMDs are
achieved (Figure 4a). This contrasts the dependence of the spray droplets on EV, in which
there was no difference between the IM and the EM-nozzle. It implies that the mechanisms
leading to oil droplet breakup during atomization are essentially different in these nozzles,
while the mechanisms of liquid disintegration in spray droplets are quite similar [25,33].
To further clarify this aspect, detailed stress–time profiles inside the atomizers need to
be deducted.
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To investigate if the concept of energy density can also be used as a process function to
characterize oil droplet breakup in atomization nozzles, the resulting SMD of oil droplets
were also fitted to Equation (1) and the corresponding coefficients of determination R2
and the constant b and C are summarized in Table 2. Due to the reasons discussed above,
the outlier data points for the nozzle EM-Schlick and a volume flow of 21.8 L/h were
not considered for this analysis. The curves corresponding to the nozzles PS-SK and EM-
Schlick run almost parallel with an exponent b close to 1, which indicates breakup of oil
droplets in laminar flow [34]. The curve of the nozzle IM-ACLR is much flatter with an
exponent b of 0.45, which suggests that in this nozzle turbulent flow dominates oil droplet
breakup. Another possible explanation for this relative low value of b is that in the mixing
chamber of the IM-ACLR nozzle, a large portion of the high-energy gas flows unaffected
by the liquid, so that only a portion of the energy is actually translated in stresses resulting
in oil droplet breakup. However, further research is needed to evaluate this hypothesis.
The differences in the exponents b mean that the difference in oil droplet breakup with the
nozzles PS-SK and IM-ACLR becomes larger at higher values of EV, while the values of oil
SMD obtained with IM-ACLR and EM-Schlick come closer to each other with higher EV.
Also, the fact that different exponents b are obtained with the IM-ACLR nozzle and with
the PS-SK and EM-Schlick nozzles implies that there is not a universal function and the
value of exponent b has to be determined empirically for specific atomization systems, as
for conventional emulsification machines [34].
All in all, the results in Figure 4 depict that the proposed concept of characterizing
spray and oil droplet sizes as function of energy density allows formulating process
functions that simplify the design of the atomization processes. They also allow comparing
the effectiveness of spray and oil droplet breakup in atomizers with different energy
sources. If one analyzes the course of the functions (especially the exponent b), one can
also draw indications as to where and according to which mechanism the spray and the oil
droplets in the spray are broken up.
4. Conclusions
In this study, the breakup of oil droplets in emulsions during atomization was investi-
gated for a pressure swirl, an internal mixing and an external mixing twin-fluid atomizer.
When operating the nozzles at constant volume flow and comparable spray droplet sizes,
the strongest oil droplet breakup was obtained with the pressure swirl nozzle, followed
by the internal mixing and the external mixing twin-fluid atomizer. These results con-
firmed the hypothesis that lower stresses acts on the oil droplets during atomization with
twin-fluid as with pressure swirl atomizers.
Furthermore, the results on spray and oil droplet size were assessed by means of the
concept of energy density. For the studied nozzles, the Sauter mean diameter SMD of spray
and oil droplets showed a power-law dependency on the energy density EV. In the studied
range pressure swirl nozzles achieved the smallest spray droplets and the strongest oil
droplet breakup for a constant EV. For the studied twin-fluid atomizers, the nozzle type
(IM or EM) has a significant influence on the resulting oil droplet size, even when the
resulting spray droplet size is independent of the nozzle type. The much lower exponent
b of the fit of SMD vs. EV (Equation (1)) with the internal mixing nozzle (b = 0.45) shows
a reduced increase in oil droplet breakup with this atomizer compared to the pressure
swirl and external mixing nozzles, which had values of b close to 1. This implies that the
mechanisms leading to oil droplet breakup during atomization are essentially different in
the studied nozzles. For a more detailed discussion of this aspect, stress-time profiles inside
the atomizers need to be clarified by means of computational simulations, for example.
The results of this study provide insights for a proper selection of atomization system
in practical applications: pressure swirl atomizers are suitable for applications where a very
fine spray and submicron oil droplets are required. Twin-fluid atomizers require higher
EV to achieve small spray droplets, though they present a better option when larger oil
droplets are required. At high values of EV the internal mixing atomizer might present
Fluids 2021, 6, 219 11 of 12
the better option over external mixing nozzles, due to a lower gas consumption rate [21]
at comparable oil droplet sizes. Overall, it was shown that the concept of energy density
is an appropriate tool for process design concerning the control of spray and oil droplets
during atomization of emulsions. Further work is required to validate these conclusions in
a wider process window and with other types of atomizers.
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